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A prominent thermally stimulated current peak T5 appearingin semi-insulating GaAs is shown
to photoquench under infrared illumination, and then thermally recover at a rate
r=2.OX 10sexp( -0.26 eV/kT) s-l, exactly the same as that observed for EL2, within
experimental error. Two possible explanations exist: ( 1) T5 and EL2 are microscopically very
similar, probably each with an Asoa core; or (2) T, is an electron trap that only appears to
quench and recover with EL2 becauseEL2 controls the electron lifetime. Several other traps
show similar quenching and recovery behavior.

INTRODUCTION

The midgap donor level EL2 is responsible for the
semi-insulating (SI) nature of undoped GaAs. Perhapsthe
most prominent characteristics of EL2 are its photoquenching by strong infrared (IR) light (hv=l.l-1.2
et’) and then the thermal or optical reversal of this proceus.The experimental quantities subject to photoquenching include photoconductivity, photocapacitance,photoluminescence, 1.1 pm IR absorption, and electron
paramagnetic (EPR) of Asoa; in each case, the photoquenching has been correlated with the transformation
of EL2 from its normal state (EL2) to a metastable state
(EL2*). Because of the difficulty in detecting EL2* by
direct electrical and optical means, a general consensus
concerning the atomic structure of EL2 and EL2* has not
been reached,although it is well acceptedthat EL2 at least
contains the arsenic antisite (Aso&).i However, we and
others have recently shown that thermally stimulated current spectroscopy (TSC) is able to reveal completely distinct sets of traps depending on whether EL2 is in its normal or metastable state.“A In particular, there is a close
relationship between the EL2eEL2* transitions, as revealed by photocurrent (PC), and the changesin the TSC
spectral features during the quenching and recovery of
EL2. In this article, we present convincing proof of the
relationship by showing that T, ) a prominent peak near
140 K, not only quenchesin a manner nearly identical to
that of the PC, but also thermally recovers at exactly the
same rate as found for the PC, within experimental error.
Thus T, ) which is associatedwith As-rich conditions (as
is EL2), either is structurally similar to EL2 (i.e., contains
Aa& or has filling and emission characteristics completely controlled by the state (normal or metastable) of
the EL2 defects in the sample. An auxiliary experiment
shows that the latter possibility is not as likely.
EXPERIMENT AND RESULTS

Three undoped SI GaAs samples (113, 059, and 189)
used in this study were cut from the centers of their respective wafers, which in turn were taken from ingotannealed crystals grown by a high-pressure liquid encapsulated Czochralski (LEC) technique using different melt
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stoichiometries. The EL2 concentrations, as measuredby
1.1 pm absorption were 1.1X 1016,7.4X lo”, and 4.0
X lOi cmh3, corresponding to crystal stoichiometries
ranging from As rich to Ga rich. The details of TSC spectroscopy using IR (hv< 1.12 eV) and 1.46 eV light can be
found in our previous art.icles.“‘5Here, we only describethe
procedures for determining the thermal recovery rate of
EL2. First, the sample was quickly cooled from 310 K to
82 K in the dark. At 82 K a strong IR light, provided by
a tungsten lamp (25 W’) filtered through a Si wafer (allowing photon energies less than 1.12 eV) was used to
illuminate the sample for 1 min to quench EL2. Note that
becausethe EL2 quenching is dependenton the total dose
of absorbedIR photons, the time to fully quench is determined by the intensity of the IR light, as shown in Fig. 1 of
Ref. 2. Then, the sample was quickly warmed (within 1
min) from 82 K up to a selectedrecovery temperature, I’,
( 110 K < T,c 130 K), held at that temperature for a particular waiting time, tw (from a few secondsto a few hours,
depending on the T,) and quickly cooled back to 82 K
again. Finally, 1 s excitation of weak IR light (from the
same tungsten lamp, but with 8 W output) was used to fill
the traps followed by a regular thermal scan with a heating
rate of 0.3 K/s for the TSC spectrum. Our measurement
proceduresare very similar to the proceduresusedby other
authors.“?’The only difference is that we measured the
charge carriers releasedfrom a particular trap, T, , while
they measured the photocapacitanceand 1.1 pm absorption coefficient, both of which are determined by the EL2
concentration.
Figure 1 shows the IR quenching of photocurrent
( Jph) in three samplesusing a strong IR light. The quenching behavior is the same as that describedin Ref. 3, i.e., all
behavior, including the initial Iph t the final lrh , the magnitude of Iph quenching, and the transition time (tT) are
stoichiometry dependentor EL2 concentration dependent.
After IR quenching of EL2, i.e., t&t, the samplesbecame
p type, as demonstrated by IR photo-Hall effect measurements at 90 K.233The TSC spectra before and after IR
quenching of EL2 are shown in Figs. 2 and 3 for the three
samples, respectively. From the figures, we find that ( 1)
before IR quenching of EL2, seven TSC peaks (T, , T3,
T4, T5 , T;, T, , and Ti), collectively designatedfeature I,
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FIG. 1. Photocurrent in the presence of strong IR light excitation at 82
K for three LEC SI GaAs samples.

appear in the spectra; (2) the ratios of the peak heights for
T, over T3, and Ts over T, , are closely related to the
crystal stoichiometry; (3) after IR quenching of EL2, the
TSC spectral structure for the Ga-rich sample (059) is
changed to feature II, in which five of the original peaks
( T2, T3, Tb, T, , and T;) have disappeared,and three
new peaks (TO ) T1 , and Ti) and one broad peak ( TB,
near T6) have appeared, (4) in contrast to the Ga-rich
sample after IR quenching of EL2$ T, and T3 in As-rich
and more Ga-rich samples ( 113 and 189) are only partially
transformed into a new peak, Tg, with T, and T3 surviving, respectively; and f 5) at T > 280 K, the TSC spectra
both before and after IR quenching become identical and
are controlled by the dark current due to the thermal ionization of EL2.
The measurementsfor the thermal recovery rate of T5
were performed on the Ga-rich sample (059), since the
sample shows a complete T, peak without any oscillation
both during the IR quenching and the thermal recovery
processes.Such oscillations or “spikes” have beenobserved
in the As-rich sample ( 113) and some SI GaAs samples
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FIG. 3. TSC spectra, using 1 s IR (weak) excitation at 82 K, as a
function of waiting time, & at T,= 115 K with a strong IR quenching at
82 K for each run on a Ga-rich sample (059).

grown by the vertical gradient freeze (VGF) technique.“~’
TypicaI TSC spectra as a function of f, with a selected T,
of 115 K are shown in Fig. 3. It can be seen that with
increasing t, from 1 to 60 min, the TSC spectrum is gradually changed from feature II back to feature I, corresponding to the transition of EL2*-+EL2. This phenomenon was also observed by changing T, alone.“‘3
Plots of the peak heights of Ts as functions of waiting
time t, for various recovery temperatures T, are shown in
Fig. 4. To model this process, let us assume that the T,
peak disappears during IR quenching becausethe normal
state T$ goes to a metastable state TF, of concentration
fl, and then e reappearsduring heating becauseof the
thermally induced reaction TF + T$ If the latter reaction
involves a barrier of energy Eb, as is usually assumed in
such cases,then the reaction kinetics are relatively simple:

dlvT
-= -yoe--ww~
dtu,

(1)
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FIG. 2. TX spectra before and after IR quenching of EL2 for As-rich
( 113) and more Ga-rich (189) samples.
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FIG. 4. Peak height of Ts vs waiting time at different recovery temperatures, I’,%. Solid lines are fitted by using the parameters given in
Table I.
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TABLE I, Parameters determined by least-squares fitting of Eq. (3) to
the data of Fig. 4.
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SinceiV5= @ + A? we have
.qYt,=O)
1-p
exp( -hoe- EdkrrQ .
(3)
Ns
1
Using a generalleast-squarestechnique, we have fitted Eq.
(3) to t.he data of Fig. 4 under the assumption NT( tw
= O)/lVs = 1, i.e., all of the T, centersare quenchedby the
IR irradiation. The best-fit theoretical curves are shown by
solid lines with the fitting parametersgiven in Table I. The
first thing to note is that v0 is remarkably constant, given
the several orders of magnit.udevariation in both the T,
peak height and the waiting time t&,. Even Eb varies less
than 7% around the value 0.26 eV, although the variation
is systematic (about -2~ 10. ’ eV/K) and may indeed be
real. The secondthing to note is that Mohapatra and Kumars have studied photoquenchingof the photoconductivity in SI C&As and found that vo=2.5x lo8 s-l and Eb
-0.26 eV, exactly the same as our values, within
experimental error. Since the photoconductivity is known
to be controlled by EL2, we can conclude that EL2 and T5
are governedby nearly the same recovery kinetics.
The most obvious conclusion from these results might
be that Ts=EL2. However, such an assertion does not
necessarilyfollow, as evidencedby the fact that we have
found the same v. and Eh for a center in molecular-beam
epitaxial GaAs grown at 400 “C, which we can conclusively
show is not EL2.s The most likely explanation is that each
of these centers c.ontainsAso,, and that the recovery kinetics are determined mainly by the Astis itself and not by
its immediate surroundings. Another reason why T, is
probably not identical to EL2 is that t.he T5 electronic
transition energy is 0.27 eV, as reported earlier” and contirmed below, whereas the main transition in EL2 is at
about 0.75 eV.
The activation energies(ET’s) for the main traps observedbefore and after IR quenchingof EL2 were carefully
determined on sample 059 using a thermal cleaning technique.’ In this technique, the E, for a given trap is determined from an initial-rise slope or low-temperature exponential edge, which is measured after removing all
emissionsfrom traps shallower than the test one by raising
the temperature to a selectedwaiting temperature T, (T,
< Tm, the peak temperature for a given trap), waiting for
a long time (> 10 min), and starting the thermal scan again
from 82 K. The TSC spectrum and the initial-rise slopes
are shown in Figs. 5(a) and 5(b), which were measured
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FIG. 5. Activation energies (ET’s) for the main traps, determined by the
thermal cleaning technique, both before (a) and after (b) IR quenching
of EL2

using 1 s and 5 min weak IR light excitation at 82 K,
respectively,producing to the normal and metastablestates
of EL2. The ET’s associatedwith E.L2 in its normal state
are 0.50 eV (T,), 0.43 eV (T,), 0.27 eV (T,), 0.23 eV
(T;), and. 0.14 eV ( Ti), while the Er’s associatedwith
EL2 in its metastablestate are 0.08 eV (broad TB), 0.46
eV (T;), and 0.61 eV (T,). The ET’s for T4 and T, (two
shallower traps) were calculated by using an approximate
equation, E,=kT,lnT$,/P
(Ref. 12) to be 0.29 eV (T,)
and 0.21 eV (T,). In this equation, k is Boltzmann’s constant and B is the heating rate during the thermal scan.
With a capture cross section correction,” the ET for To, a
deepertrap was calculated to be 0.72 eV.
DISCUSSION

We have shown that a prominent TSC peak Ts
quenchesand thermally recovers in a manner remarkably
similar to that of EL2. Moreover, severalother TSC peaks
appearto also have the samequenchingand recovery properties, although we have not precisely fitted their kinetics.
The most likely explanation for these phenomenais that
each of the centers representedby these TSC peaks contains a common element as a core, most likely the arsenic
..
anti&e Aso3. However, we must also consider a second
possibility, as outlined below.
Z.-Q. Fang and D. C. Look
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The observation of a TSC peak requires ( 1) that free
electrons or holes be available to fill the trap in question,
and (2) that the electrons or holes emitted during the
heating cycle have a lifetime long enough to give a measurable current. Obviously both these conditions are fulfilled for T5 if EL2 is not quenched,becauseT5 is a prominent peak under such circumstances. But the question
remains as to whether either of these conditions could be
violated if EL2 were quenched.For example,if the JR light
excitation to fill the traps mainly produced electrons via
excitation from EL2 in its normal state, then no electrons
would be available if EL2 were in its me&&able state (i.e.,
quenched), and electron traps could not be filled. To eliminate this possibility, we flooded the sample in the
quenchedstate with both 1.46 eV monochromatic light and
with white light, thus producing electrons from the valence
band, and still a TSC peak for T5 was not observed. The
secondpossibility, a very short carrier lifetime, is harder to
eliminate. For example, we could argue that if EL2 is in its
quenched state, then any excited electrons recombine immediately and are not likely to be trapped, or even if they
are trapped, they recombine quickly upon emission and
thus produce a very small current. Support for a possible
short electron lifetime comesfrom the fact that the samples
are p type after quenching, and thus the electrons have
many more empty recombination sites, as well as free
holes, available.
At this point, we cannot definitely say that the various
traps that quench and recover with EL2 are all similar in
microscopic structure, because we cannot eliminate the
possibility that a short electron lifetime in the quenched
state precludes trap filling or a signilicant current during
emission.If any of the traps observedin the quenchedstate
could be unambiguously shown to be electron traps, then
the short-lifetime explanation would be in doubt. In this
regard, it should be noted that T& which is known from
electron-irradiation experiments to be an As-vacancyrelated electron-trap leve1,3.‘3appears to exist in the
quenchedstate (see Fig. 2). However, more detailed studies will need to be carried out to determine if this is indeed
the case.
Another question concerns the traps, such as To and
TI , which appear only in the quenched state. Are they
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associatedwith various complexesof the metastable As,, ,
or are they simply hole traps that cannot be observed in
unquenchedsamplesbecausethe hole lifetime is too short?
All of these questions must await further study, especially
attempts to positively identify the electron- or hole-trap
nature of the various TSC peaks.
CONCLUSIONS

For the first time, a thermally stimulated current peak,
, near 140 K, has been shown to quench under IR
illumination and then thermally recover with exactly the
same kinetics as those of EL2, within experimental error.
There are two possible explanations for this observation:
( 1) T, and EL2 are microscopically very similar, probably
with regard to an Asoa core in each case, or (2) the peak
height of T5 is controlled by the electron lifetime, which in
turn is controlled by EL2 either directly or via the Fermi
level. Further studies will be necessaryto solve this problem unambiguously.
T,
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